Key PointsL‐12/15‐LO is functionally expressed in microglia, neurons, and brain microvessel endothelial cells, but not in astrocytesMice deficient in L‐12/15‐LO are resistant to PTZ‐kindling, yet experience greater mortality during the kindling processIncreased mortality occurred in L‐12/15‐LO mice in association with a first kindled convulsive seizure

 {#epi412221-sec-0006}

Epilepsy is a common neurological disease defined as a "pathologic and enduring tendency to have recurrent seizures," ostensibly due to a lowering of the seizure threshold as compared to people without the disease.[1](#epi412221-bib-0001){ref-type="ref"} Approximately 50 million people worldwide are estimated to be affected.[2](#epi412221-bib-0002){ref-type="ref"} Most cases are presumed to be of genetic origin; however, in instances of acquired epilepsy, a precipitating event renders the brain hyperexcitable.[3](#epi412221-bib-0003){ref-type="ref"} Although there is a wide range of efficacious antiepileptic drugs (AEDs), these are palliative.[4](#epi412221-bib-0004){ref-type="ref"} There is no known cure for the disease, except in cases of surgical resection of the seizure focus. The molecular mechanisms contributing to the progression of epileptogenesis are complex and multifaceted. Indisputably, an overarching mechanism is an imbalance of excitation and inhibition.

Release of polyunsaturated fatty acids (PUFAs), including arachidonic acid (AA), from cell membranes stores is linked to excitatory neuronal activity, and this is increased markedly by aberrant epileptiform activity.[5](#epi412221-bib-0005){ref-type="ref"}, [6](#epi412221-bib-0006){ref-type="ref"}, [7](#epi412221-bib-0007){ref-type="ref"} AA is a substrate for major PUFA‐metabolizing enzymatic families including lipoxygenase (LO) and cyclooxygenase (COX), each of which catalyze its oxidation into eicosanoids---lipid mediators that act locally or distally to enact a broad range of physiological effects.[8](#epi412221-bib-0008){ref-type="ref"} High levels of both COX and LO reaction products have been demonstrated in brain postseizure.[5](#epi412221-bib-0005){ref-type="ref"}, [6](#epi412221-bib-0006){ref-type="ref"}, [9](#epi412221-bib-0009){ref-type="ref"} As compared to COX \[for review see[10](#epi412221-bib-0010){ref-type="ref"}\], the role of LO and/or its metabolites in epilepsy and epileptogenesis has received little attention. Several isoforms of LO have been identified in mammalian tissue[11](#epi412221-bib-0011){ref-type="ref"} with expression of the leukocyte‐type 12/15‐LO (L‐12/15‐LO) found in brain.[12](#epi412221-bib-0012){ref-type="ref"} Studies have addressed the potential pathophysiological role of L‐12/15‐LO in models of acute brain injury[13](#epi412221-bib-0013){ref-type="ref"}, [14](#epi412221-bib-0014){ref-type="ref"} and chronic neurodegenerative disease.[15](#epi412221-bib-0015){ref-type="ref"}, [16](#epi412221-bib-0016){ref-type="ref"} However, no studies, to our knowledge, have explored the role of L‐12/15‐LO in epilepsy. Thus, the goal of this study was to investigate the contribution of L‐12/15‐LO to epileptogenesis by comparing pentylenetetrazol (PTZ) kindling in mice wild‐type (+/+) or null (−/−) for the *Alox15* gene, which encodes for L‐12/5‐LO.[17](#epi412221-bib-0017){ref-type="ref"} The possible contribution of L‐12/15‐LO to the maintenance of innate seizure threshold was also examined. Finally, its presence and function were characterized in the cells that comprise the neurovascular unit in an effort to elucidate the potential cell types involved.

Materials and Methods {#epi412221-sec-0007}
=====================

Animals {#epi412221-sec-0008}
-------

Mice were used in accordance with the National Institutes of Health guidelines for the use of experimental animals as approved by the Institutional Animal Care and Use Committees of both the University of Connecticut Health Center and Syracuse University. Wild‐type and mutant mice for study (female, 8--12 weeks) were derived from F1 heterozygous (+/−) breeding units obtained by crossing *Alox15*−/− (JAX, \# 002778) male mice with wild‐type C57BL/6J (+/+) female mice (JAX, \#000664). F2+/− progeny were also used as breeding units. F2 and F3 generations were used for experimentation. Mice were acclimated to handling by performing mock daily intraperitoneal (ip) injections 5 days prior to each study. Prior to each injection, mice were brought into the procedure room, weighed, and allowed to acclimatize for at least 1 h.

Dosing protocols and seizure scoring {#epi412221-sec-0009}
------------------------------------

PTZ was made fresh daily by dissolving in saline at 100 mg/ml followed by filter sterilization and administered by intraperitoneal injection (ip) in a volume of 0.3 ml per 0.03 kg, after which mice were observed for 20 min. Latency to and severity of behavioral seizures were recorded and scored by an observer blinded to genotype as follows: 0, no behavioral change; 1, hypomobility; 2, myoclonic jerks; 3, generalized convulsion with righting reflex; and 4, generalized convulsion without righting reflex.[18](#epi412221-bib-0018){ref-type="ref"}, [19](#epi412221-bib-0019){ref-type="ref"} Mice were re‐genotyped at the end of each study.

PTZ kindling {#epi412221-sec-0010}
------------

Mice---female wild‐type (+/+) or null (−/−) for *Alox15*---were injected every other day with 40 mg/kg PTZ for 43 days (22 injections) or until the mouse became kindled, defined as exhibiting a convulsive seizure (seizure score ≥3) on 3 consecutive days of injection. Forty mg/kg PTZ was chosen as it produced a mean maximal acute seizure score of 2 in an initial dose‐ranging study. Female mice were used, as we were unable to experimentally determine a kindling dose for male wild‐type mice that did not result in near 100% mortality upon first seizure in L‐12/15‐LO nulls. Permanency of the kindled state was confirmed 10 days after cessation of the PTZ dosing paradigm by re‐challenging mice with PTZ. The percentage of kindled animals was determined by dividing the number of animals with a maximum seizure score ≥3 by the total number of animals injected. Kindling latency is defined as the number of days of PTZ injections required to kindle a mouse. Four separate experiments were performed over 5 months.

Acute PTZ {#epi412221-sec-0011}
---------

Female mice wild‐type (+/+) or null (−/−) for *Alox15* were treated with a single dose of PTZ and the maximal seizure score was recorded. The percentage of animals exhibiting convulsive seizures was determined by dividing the number of animals with a maximum seizure score ≥3 by the total number of animals injected. Six separate experiments were performed over 9 months.

Cell cultures {#epi412221-sec-0012}
-------------

Embryonic or postnatal mice from CD1 (Charles River) or from *ALOX15* heterozygous breeding pairs (single pup dissections) were used to make cultures. *Primary astrocytes and primary microglia* were each cultured from cerebral cortices of postnatal mice (1--3 days) and maintained as described in detail.[20](#epi412221-bib-0020){ref-type="ref"}, [21](#epi412221-bib-0021){ref-type="ref"} *Primary neuron cultures* were established from cerebral cortices of embryonic day 14--15 pups as described in detail[21](#epi412221-bib-0021){ref-type="ref"} and used 2 days after plating. *Brain microvessel endothelial cells (BMECs)* were cultured using combined methodologies of R. Milner and J. Pachter.[22](#epi412221-bib-0022){ref-type="ref"}, [23](#epi412221-bib-0023){ref-type="ref"} Brains (sans olfactory bulbs and cerebellum) were finely chopped, pelleted by centrifugation and papain \[(20 U/ml)/balanced salt solution\], and digested. Following sequential needle trituration (18‐ and 21‐gauge), a bovine serum albumin (final concentration = 22%) was added and the mixture spun at 1000 ***g*** (15 min). The supernatant was decanted and the pellet suspended in endothelial cell growth media (ECGM) consisting of Ham\'s F‐12 with Glutamax containing 10% fetal bovine serum, 30 μg/ml ECGM (Millipore, Billerica, MA), 40 μg/ml heparin, 2.5 μg/ml ascorbic acid, and 50 IU/ml penicillin and 50 μg/ml streptomycin. Puromycin (4 μg/ml; Enzo Life Sciences; Plymouth Meeting, PA) was added to the ECGM just prior to plating.[24](#epi412221-bib-0024){ref-type="ref"} Four days later, cells were washed twice with Ham\'s F12, and fresh ECGM (*vide supra*):conditioned ECGM (*vide infra*) (4:1) was added. Conditioned ECGM was obtained from cells 4 days after removal of puromycin and every 3--4 days thereafter. Once cultures reached confluence, cells were passed into a collagen‐coated 24‐well plate. Every 3--4 days, medium was collected and cells were "fed" 400 μl ECGM/conditioned ECGM. This culturing procedure routinely produced confluent monolayers of cells 8--12 days following passage, which were identified as endothelial cells via immunocytochemical analyses of tight‐junction proteins associated with the blood--brain barrier.[23](#epi412221-bib-0023){ref-type="ref"}

ALOX15 mRNA expression {#epi412221-sec-0013}
----------------------

Total RNA was extracted from brain tissue or cell cultures using TRIzol Reagent (Invitrogen) and suspended in 20 μl RNase‐free H~2~O (Cellgro, Mediatech). Complementary DNA was synthesized from 1 μg RNA using Moloney Murine Leukemia Virus reverse transcriptase (400 U, Invitrogen) and oligo(d)T primers (Promega), and amplified using a thermal cycler (BioRad, Hercules, CA). Each cycle consisted of a denaturation step (94°C, 30 s), an annealing step (45 s), and an elongation step (72°C, 30--60 s). Annealing temperature and cycle number for the β‐actin primers (5′‐GTGGGCCGCTCTAGGCACCAA‐3′/5′‐CTCTTTGATGTCACGCACGATTTC‐3′) was 63°C and 23 cycles, respectively. Annealing temperature for the *Alox15* primers (5′‐CTGTTTGTGAGAGTGCAGAAATG‐3′/5′‐TACAGACTCCTCCTTTCTTCCAG‐3′) was 60°C, and products were amplified for 37 cycles. PCR products were separated in a 2% agarose gel containing ethidium bromide (0.5 μg/ml) and visualized with a UV transilluminator (UVP, Kodak, Rochester, NY). Images were captured using the Kodak Electrophoresis Documentation and Analysis System 120 and processed using Adobe Photoshop.

ALOX15 protein expression {#epi412221-sec-0014}
-------------------------

Cell‐type--specific protein expression was assessed in paraformaldehyde (4%)/phosphate‐buffered saline (PBS)--fixed cultures by indirect immunofluorescence as described in detail.[25](#epi412221-bib-0025){ref-type="ref"} Cells were labeled with sheep anti‐rabbit 15‐LO‐1 polyclonal antiserum (1.33 μg/ml; Cayman Chemical Catalogue \#160704) followed by Alexa488‐conjugated donkey anti‐sheep IgG antibody (4 μg/ml; Molecular Probes). The specificity of the primary antibody for murine L‐12/15‐LO was determined via western blot analysis using microglial proteins derived from wild‐type and L‐12/15‐LO null mutant animals. Antibodies to detect neurons, astrocytes, microglia, and BMECs were as follows: mouse anti‐mouse NeuN (100 ng/ml; Millipore), rat anti‐bovine glial fibrillary acidic protein (GFAP) (0.5 μg/ml; Invitrogen), rat anti‐mouse CD11b (10 μg/ml; BD Pharmingen), and rabbit anti‐human zonula occludens‐1 (ZO‐1) (0.6 μg/ml; Invitrogen), respectively. Primary antibodies were visualized using species‐specific Cy3‐conjugated immunoglobulin G (IgG) polyclonal antibodies (2.0--7.5 μg/ml; Jackson Immunoresearch). No Cy3 immunofluorescence was detected in cultures when the primary antibodies were omitted. DAPI (4\',6‐diamidino‐2‐phenylindole) (167 ng/ml; Invitrogen), employed as a nuclear stain, was applied following all other staining procedures. An Olympus IX‐50 inverted microscope equipped with epifluorescence and CRX digital camera was used to acquire images, which were processed identically in Adobe Photoshop.

12s‐HETE and 15s‐HETE quantification {#epi412221-sec-0015}
------------------------------------

Accumulation of hydroxyeicosatetraenoic acids (HETEs) were quantified in cell‐culture supernatants via enzyme‐linked immunosorbent assay (ELISA; Assay Designs; Ann Arbor, MI). Substocks of arachidonic acid were made so that all conditions contained an identical concentration of dimethyl sulfoxide (DMSO) (0.1%). Cultures from all cell types were washed twice (750 μl each) with Hank\'s Balanced Salt Solution (Mediatech) and then placed into EMEM containing 2 m[m]{.smallcaps} L‐glutamine (400 μl) in a 37°C cell culture incubator. Thirty minutes after acclimatizing, 10 μl of arachidonic acid substock was spiked into culture wells, gently mixed, and then placed back at 37°C for 30 min. Supernatants were collected and stored at −80°C until quantified. Metabolite values were normalized to the total cellular protein content of each well determined via the bicinchoninic acid (BCA) assay (Pierce Chemical, Rockville, IL). Graphically, the ordinates for each metabolite have been standardized to facilitate comparisons between cultures. The selective 15‐LO inhibitor, PD146176, was used to confirm that the products measured were the result of L‐12/15‐LO activity (data not shown).

Statistical analysis {#epi412221-sec-0016}
--------------------

All statistical analyses were performed using GraphPad Prism (Version 6.01). Mice that died during the kindling protocol were included as censored data on the day of expiration and are graphically represented by closed (+/+) or open (−/−) circles. Kindling rates were compared using a Mantel‐Cox test, whereas an unpaired *t*‐test was used to analyze latency data. A Mann‐Whitney *U*‐test was used to compare median seizure scores between groups. Data sets representing proportions (ie, incidence of convulsion and mortality) were analyzed with a chi‐square test. A one‐way analysis of variance (ANOVA) and Dunnett\'s post hoc *t*‐test was used to compare L‐12/15‐LO product formation. Exact p‐values are included in text and/or described in figure legends as appropriate.

Results {#epi412221-sec-0017}
=======

L‐12/15‐LO transcript is expressed in mouse hippocampal and cortical tissue {#epi412221-sec-0018}
---------------------------------------------------------------------------

L‐12/15‐LO mRNA was detected in hippocampal and cortical tissue dissected from wild‐type (+/+) mice (Fig. [1](#epi412221-fig-0001){ref-type="fig"}). As expected, no transcript was detected in L‐12/15‐LO null mutant animals (−/−), confirming the knockout genotype and demonstrating the specificity of the PCR primers utilized.

![Regional expression of L‐12/15‐LO transcript in brain. Total RNA was isolated from hippocampi and cortices form L‐12/15‐LO wild‐type (+/+) and null mutant (−/−) animals. RNA was reverse transcribed (1 μg) and PCR was performed using specific primers for *Alox15* (37 cycles) and β‐actin (23 cycles) in separate reactions. Representative gel depicts L‐12/15 ‐LO expression in hippocampus and cortex.](EPI4-3-255-g001){#epi412221-fig-0001}

Cellular expression of L‐12/15‐LO mRNA, protein, and metabolites {#epi412221-sec-0019}
----------------------------------------------------------------

L‐12/15‐LO transcript was found to be expressed in purified populations of microglia, neurons, and BMECs (Fig. [2](#epi412221-fig-0002){ref-type="fig"}). However, expression of transcript was notably absent in populations of purified astrocytes and, as expected, in all cells cultured from mice in which *Alox15* was disrupted (Fig. [2](#epi412221-fig-0002){ref-type="fig"}). Like the results obtained from the mRNA studies, cultured populations of microglia (Fig. [3](#epi412221-fig-0003){ref-type="fig"}A), neurons (Fig. [3](#epi412221-fig-0003){ref-type="fig"}B), and BMECs (Fig. [3](#epi412221-fig-0003){ref-type="fig"}C) exhibited L‐12/15‐LO immunoreactivity, whereas primary astrocyte cultures did not (Fig. [3](#epi412221-fig-0003){ref-type="fig"}D). L‐12/15‐LO enzymatic activity---assessed by measuring product formation of 12(S)‐HETE and 15(S)‐HETE following stimulation with exogenous AA---largely mirrored the mRNA and protein. 12(S)‐HETE was produced at a higher level than 15(S)‐HETE in all cell types investigated. Microglial cultures produced the greatest amount of product (Fig. [3](#epi412221-fig-0003){ref-type="fig"}A, e & f). Neurons (Fig. [3](#epi412221-fig-0003){ref-type="fig"}B, e & f) and endothelial cells (Fig. [3](#epi412221-fig-0003){ref-type="fig"}C, e & f) also produced metabolites, although the absolute values were lower than that generated by microglia. In keeping with the mRNA and protein data, 12(S)‐HETE and 15(S)‐HETE metabolite formation was nominal from astrocytes (Fig. [3](#epi412221-fig-0003){ref-type="fig"}D, e & f).

![Expression of L‐12/15‐LO transcript in cells of the neurovascular unit. Total RNA was isolated from cells of the neurovascular unit cultured in vitro (microglia, neurons, brain microvessel endothelial cells (BMECs), and astrocytes) from L‐12/15 ‐LO wild‐type (+/+) and null mutant (−/−) animals. RNA was reverse transcribed (0.75--1 μg), and PCR was performed using specific primers for *Alox15* (37 cycles) and β‐actin (23 cycles) in separate reactions. Representative gels depict L‐12/15‐LO expression in (**A**) microglia and neurons and (**B**) BMECs and astrocytes.](EPI4-3-255-g002){#epi412221-fig-0002}

![Expression of L‐12/15 ‐LO protein and product formation in cells of the neurovascular unit. (**A**) Microglia. (**A**a) Representative phase contrast image. (**A**b) Immunostaining for CD11b. (**B**) Neurons. (**B**a) Representative phase contrast image. (**B**b) Immunostaining for NeuN. (**C**) Brain microvessel endothelial cells (BMECs). (**C**a) Representative phase contrast image. (**C**b) Immunostaining for zonula occludens‐1. (**D**) Astrocytes. (**D**a) Representative phase contrast image. (**D**b) Immunostaining for glial fibrillary acidic protein. (c) Immunostaining for 15‐LO‐1. (d) Triple merged photos depicting the cell‐type--specific marker, 15‐LO‐1 staining, and 4\',6‐diamidino‐2‐phenylindole to visualize nuclei (Scale bar = 50 μm). (e,f) Concentrations of 12‐hydroxyeicosatetraenoic acids (HETEs) and 15‐HETE, respectively, after receiving a 10 μl spike containing arachidonic acid (0, 0.3, 1, 3, 10, or 30 μ[m]{.smallcaps}) or equivalent vehicle (dimethyl sulfoxide; standardized to 0.01%) followed by 30 min incubation. Data are expressed as mean ± SEM ng/mg protein. (**A,B**) N = 4 wells per condition, (**D,C**) N = 8 wells per condition. An asterisk (\*) indicates values that are significantly different from control (0 μ[m]{.smallcaps}) as determined by one‐way analysis of variance (ANOVA) and the Dunnett\'s post hoc *t*‐test. Significance was set at p \< 0.05.](EPI4-3-255-g003){#epi412221-fig-0003}

Kindling acquisition, maintenance and mortality {#epi412221-sec-0020}
-----------------------------------------------

Regardless of genotype, the rate of kindling acquisition progressed similarly over the 43‐day dosing paradigm (Fig. [4](#epi412221-fig-0004){ref-type="fig"}A). The mean latencies to kindle for Alox15^+/+^ and Alox15^−/−^ littermates were nearly identical (17 ± 7 and 16 ± 7 days, respectively; p = 0.84, unpaired *t*‐test). Of interest, *Alox15* ^−/−^ mice were more resistant to kindling acquisition such that only 5 of 14 (39%) of these mice acquired the kindling phenotype in contrast to 11 of 14 (89%) *Alox15* ^+/+^ mice (Fig. [4](#epi412221-fig-0004){ref-type="fig"}A, p = 0.02, Mantel‐Cox test). Moreover, although the seizure response to re‐challenge with PTZ 10 days following the acquisition of kindling did not differ between genotypes (median seizure score = 4), the kindling phenotype appeared to be less stable in the *Alox15* ^−/−^ (60%, 3/5) mice relative to *their Alox15* ^+/+^ littermates (82%, 9/11). This difference was not statistically different (p = 0.74, Mann‐Whitney *U*‐test).

![Effect of *Alox15* gene disruption on kindling acquisition and survival after 40 mg/kg PTZ. Female wild‐type mice (Alox15+/+; closed circles; n = 14) and those null (Alox15 −/−; open circles; n = 14) for Alox15 were administered 40 mg/kg PTZ, ip, every other day for 43 days or until a mouse exhibited 3 consecutive seizures, at which time it was considered kindled. (**A**) *% Kindled*: The percentage of mice kindled on each day, determined by dividing the number of animals defined as kindled (*vide supra*) by the total number of animals injected. An asterisk (\*) represents a significant difference in kindling rate between genotypes determined by a Mantel‐Cox test (p = 0.02). (**B**) *% Mortality*: The percentage of mice that survived the procedure presented as % mortality. Fractions within those bars represent the number of deaths over the total number of mice dosed for the indicated genotype. A statistically significant difference in mortality was found between genotypes (p = 0.04, chi‐square test).](EPI4-3-255-g004){#epi412221-fig-0004}

Despite their apparent resistance to kindling acquisition, mice with disruption of the *Alox15* gene experienced significantly greater mortality during the paradigm relative to *Alox15* ^*+/+*^ mice (50%, 7/14 vs. 14%, 2/14), respectively; p = 0.04, chi‐square test) (Fig. [3](#epi412221-fig-0003){ref-type="fig"}B). However, death of the *Alox15* ^−/−^ animals occurred later in the kindling paradigm than *Alox15* ^+/+^ mice (27 ± 6.8 vs. 19 ± 2.8 days, respectively). Notably, all but one of these mice died after its first convulsive seizure. Mice that completed the paradigm exhibited a weight gain of approximately 1 g. The final weight of kindled mice did not differ from that of nonkindled mice (22 ± 1.0 g vs. 22 ± 1.6 g, respectively).

To assess the potential epileptogenic effects of L‐12/15‐LO without the confound of mortality, we repeated the kindling paradigm in a smaller cohort of animals using a lower dose of PTZ (37 mg/kg, ip). In this cohort, 4 of 6 (67%) *Alox15* ^+/+^ but only 2 of 10 (20%) *Alox15* ^−/−^ mice kindled by the 43rd day of the protocol (Fig. [5](#epi412221-fig-0005){ref-type="fig"}A; p = 0.05, Mantel‐Cox test). There were no fatalities in the *Alox15* ^+/+^ group; one *Alox15* ^−/−^ mouse expired during the procedure (Fig. [5](#epi412221-fig-0005){ref-type="fig"}B). As expected, the mean latency to kindle at 37 mg/kg PTZ (27 ± 13 and 36 ± 1 days for *Alox15* ^*+/+*^ and *Alox15* ^−/−^ mice, respectively; p = 0.41, unpaired *t*‐test) was increased relative to that of 40 mg/kg (see above). All mice responded with a convulsive seizure (seizure score ≥ 3) upon re‐challenge with 37 mg/kg, 10 days after cessation of the paradigm \[*Alox15* ^+/+^ (4/4) and ^−/−^ (1/1) mice\], indicating that there was no difference in stability of the kindled phenotype at this PTZ dose.

![Effect of *Alox15* gene disruption on kindling acquisition and survival after 37 mg/kg PTZ. Female wild‐type mice (Alox15+/+; closed circles; n = 6) and those null (Alox15−/−; open circles; n = 10) for Alox15 were administered 37 mg/kg PTZ, ip, every other day for 43 days or until a mouse exhibited 3 consecutive seizures, at which time it was considered kindled. (**A**) *% Kindled*: The percentage of mice kindled on each day, determined by dividing the number of animals defined as kindled (*vide supra*) by the total number of animals injected. (Mantel‐Cox test; p = 0.05). (**B**) *% Mortality*: The percentage of mice that survived the procedure presented as % mortality. Fractions within those bars represent the number of deaths over the total number of mice dosed for the indicated genotype.](EPI4-3-255-g005){#epi412221-fig-0005}

Acute PTZ‐mediated seizures {#epi412221-sec-0021}
---------------------------

Acute seizure severity and incidence of convulsions in *Alox15* ^+/+^ and ^−/−^ mice where compared to determine whether the anti‐epileptogenic effect of *Alox15* disruption was associated with an alteration in seizure threshold (Fig. [6](#epi412221-fig-0006){ref-type="fig"}). At 40 mg/kg PTZ, the median seizure score was two (2) for both genotypes (Fig. [6](#epi412221-fig-0006){ref-type="fig"}A, p = 0.08, Mann‐Whitney *U* test). However, an enhanced convulsive seizure threshold was evident in the *Alox15* ^−/−^ mice, with only 18% (4/22) reaching a seizure stage ≥3, compared to 47% of *Alox15* ^+/+^ mice (9/19) (Fig. [6](#epi412221-fig-0006){ref-type="fig"}B, p = 0.05, chi‐square). The mean latency to convulsive seizure, however, did not differ between genotypes (265 ± 57 and 302 ± 45 s, mean ± SEM, for *Alox15* ^+/+^ and ^−/−^ mice, respectively; p = 0.69, unpaired *t*‐test).

![Effect of *Alox15* gene disruption on PTZ‐induced seizure severity and generalized convulsive seizure activity. (**A**) *Seizure Severity*: Female *Alox15*+/+ (closed circles) and *Alox15*−/− (open circles) mice were administered 40 mg/kg or 48 mg/kg PTZ, ip. Seizure behavior was scored on a 5‐point scale as described in Materials and Methods. Individual data points represent the maximal seizure score for an individual mouse, while a horizontal line represents the median seizure score for each group. The number of animals in each group is described in parentheses. Results are from 15 separate experiments performed over 13 months. A two‐tailed Mann‐Whitney *U*‐test revealed no significant differences between genotypes at either PTZ dose (p = 0.08 and 0.53 for 40 and 48 mg/kg PTZ, respectively). (**B**) *Incidence of convulsions*: The number of *Alox15*+/+ (black bars) or *Alox15*−/− (white bars) mice exhibiting a convulsive seizure (seizure score ≥ 3) in (**A**) as a % of total mice exposed to PTZ. Fractions within those bars represent the number of convulsing mice (numerator) over the total number of mice dosed (denominator). The difference in incidence of convulsions between genotypes for doses 40 and 48 mg/kg PTZ was compared using a chi‐square test. An asterisk (\*) represents a significant difference from +/+ mice (p = 0.05).](EPI4-3-255-g006){#epi412221-fig-0006}

The incidence of convulsive seizures of *Alox15* ^−*/*−^ mice (18% to 55%) increased when the dose was raised from 40 to 48 mg/kg PTZ, whereas little change was demonstrated in the *Alox15* ^+/+^ group (47--58%), the latter result likely reflecting a ceiling effect. The observed median seizure increased to stage 3 for both genotypes (Fig. [6](#epi412221-fig-0006){ref-type="fig"}A; p = 0.53, Mann‐Whitney *U*‐test). Mean latency to convulsive seizure for +/+ (302 ± 34 s) and −/− (247 ± 42 s) mice also did not differ (p = 0.32, unpaired *t*‐test).

Discussion {#epi412221-sec-0022}
==========

The present study is the first to detail a role for L‐12/15‐LO in the PTZ‐induced kindling model of epileptogenesis. The results described herein demonstrate that mice lacking L‐12/15 LO have a higher set point for PTZ acute seizure initiation, translating to lower rates of kindling acquisition than mice containing the enzyme. Despite their apparent resistance to kindling, *Alox15* ^−/−^ mice show significantly greater mortality than their wild‐type littermates, with all but one death occurring during the first convulsive seizure episode attained during the kindling paradigm. This latter observation raises the intriguing possibility that L‐12/15‐LO metabolites are involved in kindling seizure resolution, and more broadly suggests that these two phenotypes may evolve via independent pathways.

First, it seems unlikely that a reduction in L‐12/15‐LO metabolite formation explains the increase in convulsive seizure threshold seen in the acute paradigm. High levels of the L‐12/15‐LO AA metabolites 12‐ and 15‐ hydroxyeicosatetraenoic acid (HETE) are produced in brain post‐seizure,[5](#epi412221-bib-0005){ref-type="ref"}, [6](#epi412221-bib-0006){ref-type="ref"}, [7](#epi412221-bib-0007){ref-type="ref"} suggesting that they might be anti‐ rather than pro‐seizure genic. Consistent with this notion is the observation that 12‐HETE reduces L‐ and N‐type Ca^2+^ channel activity in rat cortical neurons and calcium accumulation in rat mossy fiber nerve endings.[26](#epi412221-bib-0026){ref-type="ref"}, [27](#epi412221-bib-0027){ref-type="ref"} This reduced Ca^2+^ into presynaptic terminals translated to decreased neurotransmitter release in mossy fiber nerve endings, the ventral tegmental area, and hippocampus after addition of L‐12/15‐LO metabolites.[27](#epi412221-bib-0027){ref-type="ref"}, [28](#epi412221-bib-0028){ref-type="ref"} Hence, products appear to lessen neuronal excitability, not enhance it.

Of interest, L‐12/15‐LO has the capacity to also metabolize linoleic acid (LA) and docosahexaenoic acid (DHA). Loss of L‐12/15‐LO could conceivably increase the amount of free PUFA (AA, LA, and DHA) in the extracellular space. AA itself plays a role in enhancing kindling acquisition as it directly potentiates neuronal excitability[29](#epi412221-bib-0029){ref-type="ref"}, [30](#epi412221-bib-0030){ref-type="ref"} and broadens action potentials and interictal spikes.[31](#epi412221-bib-0031){ref-type="ref"} However, exogenous administration of DHA to rat hippocampal slices reduces the frequency of electrically evoked action potentials in mouse hippocampal slices.[32](#epi412221-bib-0032){ref-type="ref"}, [33](#epi412221-bib-0033){ref-type="ref"} In addition, injection of DHA, and to some extent LA, raises the threshold to generalized cortical seizures,[34](#epi412221-bib-0034){ref-type="ref"} which is what we observe herein with the L‐12/15‐LO gene deficient mice. DHA administration also delays onset to acute PTZ‐induced seizures in rats[35](#epi412221-bib-0035){ref-type="ref"} and chronic dietary DHA raises seizure threshold in different seizure models.[36](#epi412221-bib-0036){ref-type="ref"}, [37](#epi412221-bib-0037){ref-type="ref"} Evidence further suggests DHA to be antiepileptogenic. Systematic administration of DHA during rapid electrical kindling attenuated kindling progression,[38](#epi412221-bib-0038){ref-type="ref"} an effect shared by NPD1, suggesting that DHA‐derived NPD1 also possesses anticonvulsive properties. LA too may be anticonvulsive and anti‐epileptogenic; however, the evidence is less clear.[39](#epi412221-bib-0039){ref-type="ref"}

Another explanation for our results concerns the phenomenon of substrate diversion, a process observed in peritoneal macrophages harvested from L‐12/15‐LO‐deficient mice.[40](#epi412221-bib-0040){ref-type="ref"} Basically, as L‐12/15‐LO is lacking in our mice, any AA generated in response to the hyperexcitability induced by PTZ administration might be expected to be shunted to other metabolizing pathways such as cyclooxygenase (COX‐1 and COX‐2) or epoxygenase (EPOX) pathways.[41](#epi412221-bib-0041){ref-type="ref"} If shunting were to occur in the brain, this might favor the metabolism of PTZ‐induced release of AA through cyclooxygenase pathways.[5](#epi412221-bib-0005){ref-type="ref"}, [42](#epi412221-bib-0042){ref-type="ref"} Previous work from our lab has demonstrated that the incidence of PTZ convulsive seizures was increased after acute administration of rofecoxib, a selective COX‐2 inhibitor, whereas it was markedly reduced in transgenic mice overexpressing COX‐2,[43](#epi412221-bib-0043){ref-type="ref"}, [44](#epi412221-bib-0044){ref-type="ref"} the latter of which mirrors the results we find in the L‐12/15‐LO deficient mice. However, it should be noted that the anticonvulsive properties of COX‐2 metabolites in the acute PTZ‐induced seizure model remain controversial.[45](#epi412221-bib-0045){ref-type="ref"}, [46](#epi412221-bib-0046){ref-type="ref"} Such discrepancies are likely related to differences in experimental paradigm, including route and timing of drug administration.

Despite their resistance to kindling, *Alox15* ^−/−^ mice show significantly greater mortality than their wild‐type littermates, with all but one death occurring during the first convulsive seizure episode elicited during the kindling paradigm. This suggests that mechanisms associated with seizure termination may be aberrant in *Alox15* ^−/−^ mice. The physiological functions of L‐12/15‐LO metabolites support the hypothesis that these products could be involved in seizure termination (*vida supra*). Alternatively, an increase in free AA, should it occur in these mice, could inhibit glutamate uptake into glial cells,[47](#epi412221-bib-0047){ref-type="ref"} possibly contributing to a pathophysiology of seizure termination. Of course, we cannot exclude the possibility that an exaggerated cardiac response, rather than a brain‐specific response, in these animals underlies their enhanced mortality, although evidence suggests that cardiac L‐12/15‐LO contributes to rather than protects mice from heart failure.[48](#epi412221-bib-0048){ref-type="ref"}

In normal mouse brain, we found constitutive L‐12/15‐LO mRNA expression in the hippocampus and cerebral cortex and mRNA, protein, and catalytic products in microglia, neurons, and brain microvessel endothelial cell cultures. Astrocytes were essentially devoid of mRNA and protein, suggesting that they are not a major cellular source of L‐12/5‐LO metabolites in brain, at least under basal conditions. The 12 and 15 HETE produced upon AA challenge in our astrocyte cultures was likely due to a small amount of contaminating microglia. Indeed, microglia cultures were found to be the most prolific expressers of L‐12/15‐LO product as compared to the other cell types tested. To our knowledge, these findings are the first report of L‐12/15‐LO in microglia, although expression in monocytes and peripheral macrophages has been reported.[40](#epi412221-bib-0040){ref-type="ref"} Finally in accord with other studies using rat,[49](#epi412221-bib-0049){ref-type="ref"} we report that brain microvessel endothelial cells derived from mouse also express L‐12/15‐LO protein. Likewise, we confirm that neurons possess L‐12/15‐LO mRNA and functional protein.[50](#epi412221-bib-0050){ref-type="ref"}, [51](#epi412221-bib-0051){ref-type="ref"} Whether or not expression is altered in the kindled brain and to what extent L‐12/15‐LO from either or any of these cells contribute to the kindling phenotype or are involved in seizure termination remains to be elucidated.

Overall, present results are the first to demonstrate a role for L‐12/15‐LO in maintenance of the innate seizure threshold, in kindling acquisition, and potentially in seizure termination. Efforts to elucidate the exact cellular and molecular mechanism underlying these phenotypes is ongoing.
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